A cute kidney injury (AKI) is common after pediatric cardiac surgery, occurring in 5%-33%, with an associated mortality of 20%-79% depending on the AKI definition used in the study (1). Retrospective studies suggest that the presence of pediatric cardiac surgery-associated AKI (CS-AKI) is correlated with a longer length of hospital stay (2) and may be associated with the development of chronic kidney disease (3-5).
A cute kidney injury (AKI) is common after pediatric cardiac surgery, occurring in 5%-33%, with an associated mortality of 20%-79% depending on the AKI definition used in the study (1) . Retrospective studies suggest that the presence of pediatric cardiac surgery-associated AKI (CS-AKI) is correlated with a longer length of hospital stay (2) and may be associated with the development of chronic kidney disease (3) (4) (5) .
Evidence from the literature implies that the risk factors for AKI in pediatric cardiac surgery include elevated preoperative serum creatinine (SCr), age Ͻ1 yr old, cyanotic lesions, prolonged cardiopulmonary bypass (CPB) time, and postoperative low cardiac output syndrome (6 -13) . Although some of these studies were large, they were limited by their retrospective design or singlecenter enrollment over many years. These and more recent studies were also limited by AKI definitions, which varied across the studies (2, (12) (13) (14) (15) (16) (17) (18) (19) . Fortunately, consensus-based, standardized AKI definitions are now available for use in children (20 -22) .
The National Institutes of Health and American Society of Nephrology recently called for the development of moreefficient diagnostic tools for AKI. This has led to a flurry of activity in the development of novel biomarkers for moresensitive and earlier diagnosis of AKI (23) . With the advent of these biomarkers, there is a need to clearly define AKI disease patterns in the pediatric heart surgery population to understand how to apply these early diagnostic tests in the clinical and research setting. Additionally, understanding of the epidemiology Objective: To determine the incidence, severity, and risk factors of acute kidney injury in children undergoing cardiac surgery for congenital heart defects.
Design: Prospective observational multicenter cohort study. Setting: Three pediatric intensive care units at academic centers. Patients: Three hundred eleven children between the ages of 1 month and 18 yrs undergoing pediatric cardiac surgery.
Interventions: None. Measurements and Main Results: Acute kidney injury was defined as a >50% increase in serum creatinine from the preoperative value. Secondary outcomes were length of mechanical ventilation, length of intensive care unit and hospital stays, acute dialysis, and in-hospital mortality. The cohort had an average age of 3.8 yrs and was 45% women and mostly white (82%). One-third had prior cardiothoracic surgery, 91% of the surgeries were elective, and almost all patients required cardiopulmonary bypass. Acute kidney injury occurred in 42% (130 patients) within 3 days after surgery. Children >2 yrs old and <13 yrs old had a 72% lower likelihood of acute kidney injury (adjusted odds ratio: 0.28, 95% confidence interval: 0.16, 0.48), and patients 13 yrs and older had 70% lower likelihood of acute kidney injury (adjusted odds ratio: 0.30, 95% confidence interval: 0.10, 0.88) compared to patients <2 yrs old. Longer cardiopulmonary bypass time was linearly and independently associated with acute kidney injury. The development of acute kidney injury was independently associated with prolonged ventilation and with increased length of hospital stay.
Conclusions: Acute kidney injury is common after pediatric cardiac surgery and is associated with prolonged mechanical ventilation and increased hospital stay. Cardiopulmonary bypass time and age were independently associated with acute kidney injury risk. Cardiopulmonary bypass time may be a marker for case complexity. (Crit Care Med 2011; 39:1493-1499) KEY WORDS: acute renal failure; congenital heart defect; epidemiology of AKI, the modifiable and nonmodifiable risk factors, and to what extent AKI is associated with short-term outcomes in our population will help to guide future interventional studies.
Thus, we performed a prospective, observational, multicenter cohort study to determine the rate, severity, risk factors, and characteristics of CS-AKI in children undergoing cardiac surgery using the new consensus definitions. All patients Ͻ18 yrs of age undergoing cardiac surgery with CPB were eligible for the study. Exclusion criteria included history of prior renal transplantation, dialysis requirement, or participation in a conflicting research study. We utilized the Risk Adjustment for Congenital Heart Surgery 1 (RACHS-1) consensus-based scoring system to categorize the complexity of surgery (24) . This method of risk stratification is a widely accepted tool for the evaluation of differences in outcomes of surgery for congenital heart disease. We retained only children older than 1 month for this study, since the definition of neonatal AKI is unclear and likely different from the AKI definition in older children (25) .
METHODS
AKI and Other Outcomes. AKI was defined as rise in SCr of Ն50% from preoperative baseline within the first 7 days after surgery. This definition and severity of AKI was based on the AKIN staging system, which has been described for use in previous pediatric studies (26) . Baseline SCr was obtained preoperatively, either in the preoperative clinic (usually within 1 wk of surgery) or on the day of surgery. Postoperative SCr values were routinely available on arrival to the intensive care unit (ICU) (day 1) and daily for the first 5 days after surgery as part of routine clinical care. We also recorded peak SCr during hospital stay and SCr before discharge on all patients. Each patient's pre-and postoperative SCr measurements were performed at the same clinical laboratory. AKI resolution was defined as SCr returning to Ͻ1.5 times the baseline SCr.
Outcomes evaluated were mechanical ventilation longer than 2 or 7 days, length of ICU stay, length of hospital stay, and in-hospital mortality.
Clinical Variables. Since 2002, the Society of Thoracic Surgeons has collected international outcomes data for congenital heart surgery in the Congenital Heart Surgery Database. There are 95 participating cites. They have created definitions for important variables surrounding congenital heart surgery. Definitions for our variables are from their data specifications version 3.0 (http://www.sts. org/sections/stsnationaldatabase/new/). If the Society of Thoracic Surgeons did not provide a definition for variable we were interested in, the TRIBE-AKI collaborators created a consensus definition.
Preoperative variables included age at operation, sex, weight, previous cardiac surgery, history of preoperative shock, mechanical ventilator support, mechanical circulatory support, RACHS-1 category, cardiac catheterization Ͻ72 hrs before the operation, estimated glomerular filtration rate by updated Schwartz equation (27) , and categorization of the surgery as emergent, urgent, or elective. Preoperative urine was analyzed by dipstick (Siemens Multistix, Tarrytown, NY) to assess for any undetected kidney disease manifested by frank proteinuria and hematuria.
Intraoperative variables included CPB time, need for and duration of aortic cross clamp, need for and duration of circulatory arrest, and length of intraoperative hypotension, defined as mean arterial blood pressure Ͻ50 mm Hg (or if Ͻ1 yr old, mean arterial blood pressure Ͻ40 mm Hg or mean arterial blood pressure Ͻ50 mm Hg with inotropic support: epinephrine Ͼ0.1 g/kg/min, dopamine Ͼ10 g/kg/min, any vasopressin or nor-epinephrine use). This intraoperative hypotension cutoff was based on a consensus discussion among our multidisciplinary team recognizing that these blood pressure cutoffs may be adequate in the setting of pediatric cardiac surgery and may not necessarily correlate with inadequate kidney perfusion or oxygen delivery.
Postoperative variables included unplanned reoperation, cardiopulmonary arrest, mechanical ventilation for Ͼ2 or 7 days after surgery, need for mechanical circulatory support (e.g., extracorporeal membrane oxygenation or intra-aortic balloon pump), and any inotropic or chronotropic medications (e.g., epinephrine, dopamine, milrinone, etc). Patients who developed AKI underwent additional chart review to determine factors which may lead to AKI, such as daily fluid balance, use of radiocontrast, gentamicin, or nonsteroidal anti-inflammatory drugs. We utilized a postoperative hypotension score based on the cardiovascular portion of the Sepsisrelated Organ Failure Assessment score (28) . This is a 0-to 4-point scoring system where each point must be sustained for Ͼ2 hrs. Points are as follows: mean arterial pressure Ͻ70 mm Hg ϭ 1 point; use of dopamine at Յ5 g/kg/min or dobutamine or milrinone at any dose ϭ 2 points; use of dopamine at Ͼ5 g/ kg/min, epinephrine at Յ0.1 g/kg/min, norepinephrine at Յ0.1 g/kg/min, or vasopressin at any dose ϭ 3 points; and use of dopamine at Ͼ15 g/kg/min, epinephrine at Ͼ0.1 g/kg/min, or norepinephrine at Ͼ0.1 g/kg/min ϭ 4 points.
Statistical Analyses. Univariate analyses were performed using t test or Wilcoxon rank sum for continuous variables and chi-square or Fisher's exact test for categorical variables. Colinearity was assessed, and those with high correlation (r Ͼ .45) were eliminated from the multivariate models. Simple and multiple logistic regression models were used to evaluate independent risk factors for AKI. For the multivariate analysis, all significant variables (p Ͻ .1) from the univariate analyses were utilized in a stepwise approach to create the most parsimonious model (29) . Preoperative creatinine value was not added in the analysis due to its strong correlation with age (r ϭ .77, p Ͻ .001). The association of AKI with categorical outcomes was evaluated using multiple logistic regression models controlling for potential confounders. The association of AKI with continuous variables was evaluated using ANOVA models. SAS version 9.1 (SAS Institute, Cary, NC) was used for the analysis.
RESULTS

Study Population and AKI Incidence.
After the inclusion and exclusion criteria were applied, 311 patients were part of the pediatric study cohort (Fig. 1 ). The distribution of cases by study site is shown in Table 1 , representing ϳ50% of the eligible cases performed in each center per year. The rate of consent was ϳ75%, and the remainder of eligible patients were not approached mostly due to logistical reasons (e.g., unable to approach in time before surgery; research team unaware of the scheduled preoperative clinic). The characteristics of the study population by AKI status are given in Table 1 . The mean age of the study cohort was 3.76 yrs with a range from 33 days to 17 yrs old. The mean RACHS-1 category was 2.43, with no patients in RACHS-1 categories 5 and 6. Baseline SCr was obtained within 1 day before surgery in 70% of patients and within 3 days before surgery in 93% of the patients. One child older than 2 yrs old had an estimated glomerular filtration rate of Ͻ60 mL/min/1.73 m 2 . AKI occurred in 130 patients (42%) within 3 days of surgery ( Fig.  2 ). There were no differences in age, gender, CPB time, and incidence of AKI among sites (p ϭ .84, .5, .31, and .09 respectively).
Characteristics of AKI After Pediatric Cardiac Surgery. Of the 130 patients who developed AKI, 37% doubled their SCr and 2% required dialysis within the 7-day period after the operation (Fig. 2 ). More than half of these patients (53%) developed AKI within the first 24 hrs after the operation, and 97.7% had developed by 48 hrs (Fig. 2 ). SCr peaked after 48 hrs of surgery in 78% of the cohort. AKI lasted only 1 day in 47% of the patients, and 11% had not recovered completely and still met the AKI definition by the fourth postoperative day.
In regards to possible etiologies, 87% of the patients who had AKI also had intraoperative hypotension, and many were also exposed to gentamicin (15%) and nonsteroidal anti-inflammatory drugs (56%) postoperatively ( Table 2) . Few patients in the AKI group had low cardiac output syndrome (6%), sepsis (2%), or urinary tract obstruction (4%).
Using daily fluid balances, we calculated 24-hr oliguria as defined by Ͻ0.5 mL/kg/hr. Based on urine output on the day of surgery, 12 patients (eight in the group that developed AKI and four in the group that did not develop AKI) had oliguria. On the first postoperative day, 15 patients (seven in the group that developed AKI and eight in the group that did not develop AKI) had oliguria.
Risk Factors Associated With AKI. Lower mean age, weight, body surface area, and preoperative SCr were all associated with a higher incidence of AKI (p Յ .005) ( Table 1 ) and were also highly correlated with each other. There were no differences in preoperative estimated glomerular filtration rate, race/ethnicity, sex, history of prior cardiothoracic surgery, and urgency of surgery in those with and without AKI.
After adjustment for other variables, younger children were more likely to develop AKI (Table 3 ). Patients in the 2-to 13-yr-old age group were 72% less likely to have AKI (p Ͻ .0001) and those in the older age strata of 13 to 18 yrs were 70% less likely to have AKI (p ϭ .0173) compared to patients Ͻ2 yrs old.
The average RACHS-1 category was also significantly higher in those who developed AKI (p ϭ .02); however, after adjusting for age, site, and CPB time, this relationship was no longer significant. None of the pa-tients who had RACHS-1 category 1 surgeries developed AKI. Of those with categories 2 and 3, 43% and 44%, respectively, developed AKI, and 75% of patients with RACHS-1 category 4 developed AKI.
Among intraoperative risk factors, the average CPB time was significantly higher in those who developed AKI (p Ͻ .0001). When we separated CPB time into increasing intervals starting at 60 mins, we found a linear trend of increasing CPB time and percentage of patients who developed AKI (Fig. 3) . After adjustment, patients with CPB times of 91 to 120 mins had 2.5-fold greater odds of having AKI (95% confidence interval: 1.08, 5.65). Sixty-eight percent of the patients developed AKI in those that had bypass times of Ͼ180 mins, with 7.57-fold greater odds of AKI (95% confidence interval: 2.62, 21.92) compared to those with bypass times of Ͻ60 mins. Mean cross clamp time and utilization of circulatory arrest, although higher in AKI, did not reach statistical difference between those who developed AKI and those who did not. However, in our study only six patients went through circulatory arrest, thus limiting our ability to interpret this variable.
AKI Association With Outcomes. Thirty percent of patients who developed AKI were mechanically ventilated at 2 days after surgery compared to only 8% without AKI (p Ͻ .0001). Median pediatric ICU and hospital stays were 2 and 3 days longer, respectively, in AKI patients (Table 1) . After adjustment for covariates, those who developed AKI had 3.2-fold greater odds of requiring mechanical ventilation for Ͼ2 days (95% confidence interval: 1.55, 6.52) ( Table 4 ). AKI was independently associated with longer lengths of hospital stay (median 7 vs. 4 days, p ϭ .0097) and trended toward longer pediatric ICU stay (median 4 vs. 2 days, p ϭ .08). Five patients in the AKI group died, compared to only one death in the non-AKI group. In the multivariate analysis, there was a statistically nonsignificant association of AKI and mortality (adjusted odds ratio: 7.34 95% confidence interval: 0.71, 75.92, p ϭ .095), related to low events in these groups.
DISCUSSION
This is the first multicenter prospective study using the current accepted a Defined as mean arterial blood pressure (MAP) of Ͻ50 mm Hg (or if Ͻ1 yr old MAP of Ͻ40 mm Hg or MAP of Ͻ50 mm Hg with inotropic support: epinephrine at Ͼ0.1 g/kg/min, at dopamine Ͼ10 g/kg/min, any vasopressin or norepinephrine use); b hypotension score is a 0to 4-point scoring system where each point must be sustained for more than 2 hrs. MAP Ͻ70 mm Hg ϭ 1 point; use of dopamine at Յ5 g/kg/min or dobutamine or milrinone at any dose ϭ 2 points; use of dopamine at Ͼ5 g/kg/min, epinephrine at Յ0.1 g/kg/min, norepinephrine at Յ0.1 g/kg/ min, or vasopressin at any dose ϭ 3 points; use of dopamine at Ͼ15 g/kg/min, epinephrine at Ͼ0.1 g/kg/min, or norepinephrine at Ͼ0.1 g/kg/ min ϭ 4 points; c definitions from the Society of Thoracic Surgeons' data specifications version 3.0 for the Congenital Heart Surgery Database. standard definition of AKI with the intent of examining the risks, characteristics, and outcomes of AKI in pediatric cardiac surgery. We found an AKI incidence of 42% in children undergoing heart sur-gery. Before 2005, there were no studies of CS-AKI using the currently accepted definition. These studies used definitions ranging from doubling of SCr to requirement of dialysis. Pedersen et al (1) per-formed one of the larger single-center prospective studies enrolling children from 1993 to 2002 and used dialysis as their AKI definition. They found that 11.5% of their patients developed AKI. However, the use of dialysis as the definition of AKI is concerning, since most clinicians agree that AKI develops before the need for dialysis. Aside from the problems with the definition of AKI, the authors also found that there was a time length bias resulting in the rate of AKI changing significantly during the long study period. All of the prospective studies of CS-AKI after 2005 were from a single center, Cincinnati Children's Hospital (15) (16) (17) (18) (19) ; these studies were designed with the intent to discover and validate new biomarkers, and this limited their generalizability. Nevertheless, these studies found that the incidence of AKI, defined by a Ն50% SCr rise, ranged from 28% to 52%. In a recent large study of CS-AKI by Zappitelli et al (2), 35 .9% of all children having cardiac surgery developed AKI. This was slightly lower than the AKI incidence from our study. However, our study was limited to children undergoing CPB, and their study was retrospective and based on a single-center cohort, thus limiting ascertainment of clinical factors. The present study was devised in a comprehensive manner to reliably determine a generalizable AKI event rate so future studies can utilize this.
Analysis of preoperative risk factors demonstrated that even after adjustment for surgical complexity (RACHS-1 category) and CPB time, children who were in the youngest age group were at higher risk for developing AKI compared to the older age groups. The reason for this is not completely clear. Although full-term infants are usually born with their full complement of nephrons, maximal glomerular filtration rate is not achieved until about 2 yrs of age (30) . Thus, children Ͻ2 yrs old may be more susceptible to the ischemic and inflammatory insults that may be occurring in patients undergoing heart surgery.
No patients from the RACHS-1 category 1 surgeries developed AKI. Examples of these surgeries include simple ASD closures and repair of partially anomalous pulmonary veins. This is not surprising, since these surgeries are less complex and relatively quick, with low CPB times (24, 31) . Additionally, we did not find an association of increased risk of AKI with increased surgical complexity by RACHS-1 category. However, in our study, exclusion of patients Ͻ30 days old also led to omitting RACHS-1 category 5 or 6 patients, a group with a high likelihood of developing AKI. Given the complexity associated with defining AKI in newborns, this will be an important population to study further.
Consistent with numerous past studies, we found that longer CPB times were associated with an increased risk of AKI. Furthermore, we found an interesting linear relation between increasing bypass time and increasing AKI. The mechanism for this is probably a combination of ischemia, loss of pulsatile flow, and progressive inflammation, which adds to kidney injury (32) . Further research into issues such as temperature, pressure, and the amount and type of bypass circuit flows will be needed to explore this relationship. Strategies to limit bypass time may help decrease the rate of CS-AKI. Although we controlled for RACHS-1 category in the multivariate analysis of CPB, it is possible that in children who have surgery requiring bypass, the duration may also be a marker for case complexity and severity of the congenital anomaly.
Our study highlights the importance of studying AKI as a risk and as an outcome separately in children from adults, especially since the epidemiology is completely different. Adults undergoing cardiac surgery typically have several preoperative cardiovascular risk factors such as diabetes, peripheral vascular disease, and chronic kidney injury. These same risk factors often emerge as preoperative cardiovascular risk factors for developing AKI in adults (33) . In children with congenital heart disease, these factors are not usually present. In fact most children do not have any other comorbidities. Risk factors for AKI in children are usually limited to the age of the child and the severity of insult (e.g., CPB time).
Preoperative SCr was lower in the group of patients who developed AKI. However, this was most likely due to expected age-associated lower SCr values, which is evidenced by the fact that the preoperative baseline estimated glomerular filtration rates were not statistically different between the AKI and non-AKI groups.
We also found that a large proportion of patients who developed AKI were exposed to nephrotoxic drugs. In our cohort, 15% were exposed to gentamicin and 56% to nonsteroidal anti-inflammatory drugs. Nonsteroidal anti-inflammatory drugs in the pediatric CS-AKI popu-lation are mostly used to provide postoperative analgesia without the side effects of sedation and respiratory depression. This combination is thought to allow earlier weaning from mechanical ventilation. Gentamicin is a commonly used drug in younger children to empirically treat Gram-negative infections. The extent to which use of these drugs is independently associated with AKI development or AKI severity should be the focus of future studies to determine whether there is a need to change our current practice.
In our exploration of the phenotype of AKI, we found that AKI was diagnosed by SCr criteria by day 1 in more than half the patients and by day 2 in 97%. The day of diagnosis is earlier than seen in recent studies using the current definition of AKI, where only 40%-67% of patients met the AKI definition within 2 days of the operation (15, (17) (18) . This discrepancy may be due to intraoperative factors related to surgical or perfusionist technique and perioperative factors such as volume administration and timing of diuresis. We found that in about half of AKI patients, AKI lasted for only 1 day and that 76% of these patients had AKI resolution by the end of 2 days, similar to the findings from the retrospective study by Zappitelli et al (2) .
In terms of outcomes associated with AKI, we found that those who developed AKI were more likely to remain on mechanical ventilation for a longer period of time. The reason for this is likely to be multifactorial, with factors including increased fluid retention in the lungs, restrictive lung disease due to interstitial edema, and prolongation of sedation secondary to decreased drug elimination because of AKI (34) . The heterogenous cohort of congenital heart patients makes it difficult to assess variables that reflect risk for pulmonary edema, such as central venous pressure, B-type natriuretic peptide, and fluid balance. They may be confounded by variables such as postoperative right ventricular dysfunction, right ventricular hypertrophy, residual lesions, and low cardiac output states. The present study was not designed to examine the mechanisms of lung injury that might explain the association between AKI and prolonged mechanical ventilation. Future studies should attempt to elucidate the reasons behind this relation.
The durations of pediatric ICU stay and hospital stay were longer in those with AKI compared to those without AKI, suggesting that CS-AKI is associated with an increased use of hospital resources and increased overall health cost. This is consistent with recent studies of AKI (16 -18) . Although the association between AKI and in-hospital mortality did not reach significance, there was a strong trend that is consistent with the association that has been demonstrated in the adult literature (35, 36) .
There are some limitations to our study. First, our study consisted predominantly of white patients, thus limiting generalizability to other racial groups. Second, our AKI definition did not include urine output, as we did not record hourly urine output. However, in one pediatric study, the addition of urine output did not substantially add to the classification by SCr (21) . In addition, the use of intraoperative ultrafiltration and early postoperative diuretics would confound the urine output variable as a marker of AKI. Finally, we recognize that our definition of intraoperative hypotension is not necessarily synonymous with inadequate kidney perfusion or oxygen delivery. It may be that utilization of certain CPB flows along with reducing metabolic demand provides the support needed even in the setting of low blood pressures. However, a recent prospective study indicating an association between AKI and the difference between preoperative and intraoperative blood pressure in adults indicates a need for further investigation into this issue (37) . Additionally, we feel that given our exclusion of neonates, the lack of coronary artery surgeries, and the inclusion of only four patients with circulatory arrest, there is little chance of confounding by this problem.
CONCLUSIONS
We found that the rate of AKI in the current approach of pediatric cardiac surgery in North America is high and is associated with important patient outcomes. It is important to further our understanding of the potentially reversible risk factors for AKI and study them in randomized clinical trials to comprehend their role in the causation of AKI.
